A mathematical model for the transient pressure response in a capillary rheometer is implemented and validated with experimental data for both a natural rubber compound and a silicone rubber compound. The pressure decay curve after the cessation of motion of the instrument piston is shown to be consistent with the extrapolation of the power law model to shear rates two decades lower than experimentally attainable in the instrument employed. The model is useful for extending the range of the instrument in question by approximating material properties at shear rates lower than attainable in a steady flow experiment.
the speed of the piston, the compressibility and rheology of the material, and the resistance of the capillary die. Recent work by Pérez-Trejo et. al. [2] is in agreement with the original work. The pressure decay curve for HDPE in a multipass capillary rheometer was found by Ranganathan et. al. [3] to be in good agreement with predictions based on flow driven by the compressibility of the material. A capillary pulse viscometer has been developed by Kokal et. al. [4] that is based on the pressure decay curve of a fluid that is suddenly pressurized.
The motivation for this work came from the desire to check the validity of the power law model at shear rates lower than attainable in the instrument in our laboratory. It is well known that the power law model is an approximation to
INTRODUCTION
The pressure in a capillary rheometer does not change instantaneously to the steady value upon initiation of constant speed piston motion. This is true even though the driving piston attains the target speed almost instantaneously. The reason for the sluggish transient response is that the entire barrel of material is compressed as the pressure increases due to the piston movement. The initial flow rate out of the capillary die is lower than the target value until the pressure transient dies out and steady state conditions are attained. It is only when the pressure has achieved a steady value that the flow rate of elastomer from the die exit is the desired value. Hatzikiriakos and Dealy [1] have shown that the time required to achieve steady state pressure depends on the volume of material in the barrel, the behavior of polymer behavior and is usually valid only at moderately high shear rates. Extrapolation of the power law model to lower shear rates than those included in the characterization of a material is risky without some experimental justification. The work reported herein describes a technique to check the validity of the extrapolation using a capillary rheometer by stopping the driving piston and monitoring the pressure decay curve. A model is formulated to predict the expected pressure decay curve using an extrapolated power law model. From the comparison of the expected pressure decay curve to the data, the validity of the extrapolation is assessed.
PROCEDURES
Power law models were obtained by running standard capillary rheometer experiments using 1.5 mm diameter circular cross section dies with L/D values of 10:1, 20:1, and 30:1. The dies are constructed with a 45˚ entrance angle (90˚ included angle). The diameter of the capillary barrel is 19 mm and the height of the material in the barrel starts at 25 mm. Two elastomer formulations were employed; a natural rubber (NR) and a silicone elastomer (PVMQ). The PVMQ compound was SE-557 from General Electric Silicones. The NR formulation was 100 GP-NR; 5 zinc oxide; 1 stearic acid; 3 antidegradents; 5 N330; 2 wax. These two materials were chosen to provide a contrast in compressibility and rheology. Steadystate pressure values were used for determination of the flow curve of the materials. Shear rates were replicated within a run to check for consistency. The Bagley correction was applied to obtain the entrance pressure losses but the Rabinowitsch correction was not used. Since the mathematical model is written in terms of apparent shear rates, the lack of correction does not affect the predictions in any way. The power law and entrance pressure models are shown in Figs. 1 and 2. It appears that the power law model is a reasonable approximation to the flow curve in the region investigated, particularly so for the PVMQ material.
The pVT surface is represented by the Tait equation [5] . The fit of the Tait equation to specific volume data is shown in Figs. 3 and 4 . These data were generated by RAPRA Technology Ltd. in the UK.
The transient pressure traces were obtained using the same capillary rheometer procedures as were used for the flow curve determination. The data were generated by running a single shear rate starting with a full barrel of material. Constant piston speed was maintained until a steady pressure value was reached, at Applied Rheology Volume 13 · Issue 1 which time the piston was stopped and held in a fixed position while the pressure decay curve was recorded. The piston position for the pressure decay segment was computed from the piston speed and the time required to reach steady pressure values.
DISCUSSION
The mathematical model of the effect of material compressibility in a capillary rheometer was originally developed and reported by Hatzikiriakos and Dealy [1] . The model is modified in this work to allow for a different exponent on the empirical relation for the entrance pressure and to use the Tait equation to represent the pVT surface of the material. The starting point is a material balance applied to the barrel of the capillary rheometer:
( 1) where V · is the volume rate of flow and r 0 is the uncompressed material density. The left side of Eq. 1 represents the change in mass of the material in the barrel and the right side represents the mass flow rate of material exiting the die. The small amount of material contained in the capillary die is ignored. The mass of material in the barrel is not known directly but is calculated from geometry and material properties: (2) where R b is the radius of the instrument barrel, L b is the length of the barrel occupied by material, and r is the density of the material in the barrel. The length of the column of material in the barrel and the material density are both functions of time. An explicit time relation for the barrel length is given by Eq. 3:
where v p is the constant piston speed. Substituting Eqs. 2 and 3 into Eq. 1 yields:
In this work the Tait equation (Eq. 5) was used to represent the density. The transient pressure model is quite sensitive to the compressibility of the material so it is important to use the most accurate information available. Since it is desired to have the equation be explicit in pressure, the flow rate must be put into terms of the pressure in the barrel. The expression relating the flow rate to the shear stress in the capillary is given by Eq. 7: (7) where s w denotes the shear stress at the wall of the capillary. Since the solution will be performed numerically, any constitutive equation could be used for the material. In our present case, the power law model is sufficient to describe the material behavior. The barrel pressure is a function of both the conditions in the capillary and the pressure drop due to entrance effects:
Note that in this model we allow for a different exponent on the entrance pressure (n e ) than the
power law index (n). This necessitates a numerical solution since it is not possible to obtain an explicit expression for the flow rate when the two exponents are different. The expression to be solved for the flow rate is given by Eq. 9:
Eqs. 6 and 9 were solved by applying a 4 th order Runge-Kutta technique to solve the differential equation while solving iteratively for the flow rate at each time step. Each time step in the Runge-Kutta solution must be iterated to convergence. A simple back substitution scheme was sufficient for this work. Experiments were done for three apparent shear rates for each material (7.27 s -1 , 29.1 s -1 , and 65.4 s -1 ) and all three dies that were used in the characterization (10:1, 20:1, and 30:1 L/D). Fig.5 shows the behavior of the NR for the short (10:1) die. There is some deviation of the steady pressure from the model prediction but the transient behavior is captured well. The lack of agreement of the steady pressure is not a failure of the model but is an indication that the material deviated from the power law and entrance pressure mod- main purpose of this work, however, is to predict the pressure decay curve which occurs after cessation of piston motion. This predicted curve is necessarily based on an extrapolation of the material model (in this particular case the power law model) to shear rates below those attainable in our instrument. These curves are then compared with experimental pressure decay data to check the validity of the power law model in the range of shear rates occurring during leak down.
This model was solved for the case of the pressure decay curves from the same capillary rheometer runs by setting v p = 0 and using the measured steady pressure that was observed in the rising pressure part of the experiment as the starting pressure (P i ). The measured rather than the predicted steady pressure was used to test the temporal prediction of the leak down curve in the absence of the deviation of the predicted steady pressure value from the experimental data. This was done to focus the analysis on the temporal prediction of the leak down model rather than a test of the fit of the power law expression to the steady flow data. The shear rates indicated in the legends of Figs. 9 to 12 indicate the steady flow conditions used to generate the starting pressure for the leak down and hence the degree of compression of the material in the barrel at the start of the experiment. At t = 0, the piston was stopped and held in place for the remainder of the experiment. Note that the amount of material remaining in the barrel is indicated by the value of L bo in the model. This was done by observing the flow time required to achieve the steady flow pressure followed by application of Eq. 3. The predictions for NR are shown in Figs. 9 and 10 and the predictions for PVMQ are shown in Figs. 11 and 12 .
The correspondence of the prediction with the data is fairly good for NR at 10:1 (Fig. 9 ) and for the higher initial pressures for the 30:1 die data (Fig. 10) . The pressure data for the 30:1 die with the lowest initial pressure is significantly lower than that predicted by the model. Deviation of the material flow from power law behavior would be expected to affect the 30:1 die more than the 10:1 die data since the viscous component of the total die pressure is more significant in the case of the 30:1 die. The observed deviation is not expected to be due to wall slip since the pressures are higher in the case of the 30:1 die which would tend to decrease wall slip. The P ent value at the lowest shear rate in Fig. 2 does appear to be lower than the rest of the data would indicate. This would not seem to be the reason for the deviation of the 30:1 data since P ent would exert the most influence on the 10:1 die data. The reason for the large deviation of the data generated from the low initial pressure condition is not known. The correspondence of the data for the PVMQ material in Figs. 11 and 12 is better. The same qualitative trend for the prediction to yield higher values than the experimental data for the 30:1 die is evident. The deviation is much less severe in this case, however. Particularly with PVMQ the extrapolation of the power law model seems to provide acceptable accuracy in the range investigated.
In order to provide an expanded test of the model, an additional experiment was carried out with PVMQ at 120˚C using a 20:1 die for an extended time period. The results of this experiment, along with the model prediction, are shown in Fig.13 .
It is clear that the model captures the essence of the phenomena occurring in the die during leak down. Superimposed on Fig.13 is the shear rate that exists in the capillary at any given time. Since the lowest practical steady-flow shear rate on our instrument is 3.6 s -1 this represents an indirect way of verifying the power law and entrance pressure models at shear rates unattainable in steady state experiments. The power law and entrance pressure models for PVMQ apparently hold to apparent shear rates as low as 0.01 s -1 . The experiments were not extended to lower shear rates due to limitations of the pressure transducer.
It may be possible to extend this idea further to recast the problem as one of fitting the pressure decay curve to a more realistic constitutive equation such as the Cross model. In principle this should allow an extrapolation into the region where the viscosity approaches the limiting steady-state value. The data that were gathered in these experiments did not require the use of a more complex material model, however.
A limitation of using this type of data for verification of low shear rate behavior is the tolerance of the material to thermal history. Rubber compounds are often characterized in the fully compounded condition where crosslinking agents are present. If the test temperature and test time result in appreciable crosslinking of the elastomer while in the barrel, then the analysis is no longer valid.
CONCLUSION
The analysis method and material property data used are sufficient to represent the pressure trace on the capillary rheometer under the range of conditions employed in this work. The model gives implicit verification of the material property data at shear rates well below those attainable in our steady flow experiments with the instrumentation in our laboratory. The model can be used to interpret capillary rheometer data, as well as to infer the material rheology at shear rates that are lower than those attainable with the same instrument under steady flow conditions. 
